Background and purpose: Amyotrophic lateral sclerosis (ALS), a motor neuron disease, is associated with various cortical symptoms including mild cognitive decline with behavior changes, suggesting the involvement of extra-motor areas in ALS. Our aim was to investigate the specific patterns of brain atrophy in sporadic, impaired ALS patients without commonly known genetic mutations using voxel-based morphometry. Materials and methods: Forty-seven patients with sporadic ALS and 28 agematched healthy controls were recruited. ALS participants were divided into three groups according to comprehensive neuropsychological testing: pure (ALS-pure), cognitive impairment (ALSci) and behavioral impairment (ALSbi). Quantitative comparison of brain atrophy patterns was performed amongst these three groups using voxel-based analysis. All analyses were adjusted for total intracranial volume, age, sex, disease duration and functional disability score. Results: The ALSci group exhibited decreased volume in the left cerebellum, fusiform gyrus, optic radiations and corticospinal tracts compared to healthy controls. ALSci patient imaging showed decreased brain volume in the bilateral cerebellum, right putamen gray matter and bilateral superior longitudinal fasciculi white matter compared to pure ALS patients (P < 0.001 uncorrected, corrected for the entire volume). Compared to healthy controls, ALS-pure and ALSbi groups did not show any significant volume changes in gray and white matter. Conclusions: These findings also support the hypothesis that ALS pathogenesis has a dual focality of onset (cortex and anterior horn) with contiguous spread outwards. Additionally, neuropsychological features may be an important predictor of progression and survival rates in ALS.
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Background
Amyotrophic lateral sclerosis (ALS) predominantly affects the corticospinal tracts and is characterized by upper and lower motor neuron degeneration, leading to progressive muscle weakness of the bulbar, limb and thoracic regions [1] . ALS is a well-known disorder of unknown etiology that manifests primarily as degeneration of motor neurons; however, many discrepancies remain as to whether atrophy is involved in the motor or extra-motor areas of the brain. Recent pathological, neuropsychological and imaging studies have challenged the view that ALS is a disorder confined to the motor system. Many studies have demonstrated cognitive impairment and behavioral changes in a substantial proportion of patients with ALS. The occurrence of cognitive impairment has been reported in 36%-51% of patients with ALS and may serve as a prognostic factor [2, 3] .
Executive dysfunction and language impairments in ALS have been associated in part with structural abnormalities in the prefrontal cortex [4] . The view of ALS as a motor-neuron-specific disease has changed to that of a heterogeneous disease presenting with various neurological symptoms and involvement of nonmotor areas of the brain. Neuroimaging studies, both structural and functional, also support this hypothesis of brain involvement beyond the motor areas as well as the idea of ALS as a multisystem disorder. Previous magnetic resonance imaging (MRI) studies, particularly fluid-attenuated inversion recovery images, in ALS have shown abnormalities along the pyramidal tract, such as the presence of hyperintense signals in subcortical white matter and hypointense signals in the precentral gyrus [5] . Whilst definite abnormalities along the pyramidal tract could be observed using various imaging methods, conflicting results have been obtained regarding cortical involvement in ALS based upon the imaging method used.
Clinical characteristics that have been associated with survival rate in ALS include the onset type and age of onset [6, 7] . Previously, it was found that approximately half of ALS patients without known genetic variations have cognitive or behavioral impairments, and ALS patients with cognitive abnormalities have a poorer prognosis than those without cognitive impairment [8] . Non-demented cognitive and behavioral impairments in ALS are overlapping features of both cognitively intact ALS patients and ALS patients with frontotemporal dementia (FTD) [9] . Therefore, it was hypothesized that the atrophic gray and white matter patterns in non-demented ALS patients vary according to the neuropsychological features of ALS based on complete neuropsychological assessment. To test this hypothesis, the differences in brain volume were analyzed using voxel-based morphometry (VBM) in ALS patients without any genetic variations, which affect cortical involvement in ALS [10] . All participants were divided into three groups according to their neuropsychological features, and their brain structural differences were analyzed.
Methods

Subjects
Amyotrophic lateral sclerosis patients were recruited from the Motor Neuron Disease Clinic in the Neurology Department at Hanyang University Hospital, Seoul, Korea, between January 2009 and October 2012. All patients had a diagnosis of clinically definite, probable or laboratory-supported ALS according to the revised El Escorial criteria [11] . A hundred and twenty patients were recruited after neuroimaging for VBM and underwent comprehensive neuropsychological and genetic testing. Sixty-seven patients were excluded based on comorbidities (medical disease and psychiatric disease), incompletion of neuropsychological tests or VBM, and specific previously described genetic mutations (SOD1, C9ORF72, FUS, TARDBP, ANG and OPTN) [12, 13] . Six ALS patients with dementia were also excluded. Finally, 47 patients were recruited after neuroimaging for VBM (Fig. S1 ) [11] . Twenty-eight sex-and age-matched healthy subjects [15 men and 13 women, mean age 47.9 years (range 28-60 years)] served as controls. Sex (M:F, 30:17 and 15:13, P = 0.380) and age (49.8 AE 7.6 and 47.9 AE 8.6, P = 0.958) did not differ between the ALS and healthy groups, respectively. The clinical stage of ALS was determined using the Korean version of the ALS Functional Rating Scale Revised (K-ALSFRS-R) [14] . The progression rate of the disease from symptom onset to the time of examination was calculated as follows: (48-K-ALSFRS-R score at time of examination)/ [duration between symptom onset and time of examination (months)]. This study was approved by the Institutional Review Board of Hanyang University Hospital (HYU 2010-04-011). Confidentiality and anonymity of the participants were assured.
Neuropsychological testing
Neuropsychological assessment was performed using the following standardized instruments: (i) executive functions [ [19] and visual memory (immediate, delayed recall and recognition tasks of the RCFT) [20] . All participants were tested with the Mini-Mental State Examination (K-MMSE) [21] and Clinical Dementia Rating (CDR) scale [22] to examine their general neuropsychological function. Changes in behavior were assessed using the Caregiver-Administered Neuropsychiatric Inventory [23] . A comprehensive neuropsychological assessment was performed only for ALS patients, using a previously published protocol [8] . Then, ALS patients were classified into the following four groups: (i) no cognitive impairment (ALS-pure); (ii) cognitive impairment (ALSci); (iii) behavioral impairment (ALSbi); and (iv) comorbid FTD (ALS-FTD). Twenty-one patients were ALS-pure, 20 patients were cognitively impaired (ALSci) without dementia and six were behaviorally impaired (ALSbi). Patients with dementia were excluded for evaluating cortical and subcortical involvement sites in the non-demented ALS patients (one with FTD, two semantic dementia, two progressive nonfluent aphasia and one Alzheimer's dementia).
Image acquisition
Magnetic resonance imaging scans were obtained on a 3.0-T Achieva system (Phillips) equipped with a standard quadrature head coil. Structural MRI sequences included a volumetric three-dimensional spoiled fast gradient echo MRI (repetition time 7.3; echo time 2.7 ms; slice thickness 1.0 mm; flip angle 13°; field of view 256 9 256 mm); the volume consisted of 200 contiguous coronal sections covering the whole brain.
Voxel-based morphometry analysis
Voxel-based morphometry is a fully automated, whole-brain technique for the detection of regional brain atrophy by voxel-wise comparison of gray and white matter volumes between groups of subjects. The technique comprises an image spatial preprocessing step followed by statistical analysis. Both stages are implemented in the Statistical Parametric Mapping 12 software package (SPM12, Functional Imaging Laboratory, Wellcome Department of Imaging Neuroscience, Institute of Neurology, UCL, UK; http:// www.fil.ion.ucl.ac.uk/spm). Because the template and prior images provided by SPM are derived from young healthy brains, ad hoc age-matched a priori and template images were created. Patient and control images were normalized to the common template to allow inter-subject comparisons and were then segmented into gray, white and cerebrospinal fluid compartments using the VBM 8 technique. Gray and white matter volume was smoothed with a 12-mm full width half-maximum Gaussian filter.
Statistical analyses
The demographic and clinical characteristics of the ALS patients were analyzed using the mean and differences between groups assessed with Student's t test. Comparisons were made using an ANOVA for continuous variables and chi-squared tests for categorical variables. Bonferroni's correction method was applied to adjust the value in the case of post hoc analysis and where multiple comparisons were applied.
Specific statistical analyses were performed to investigate the regions of common atrophy in ALS groups compared to controls and to investigate the differences amongst the ALS-pure, ALSci and ALSbi groups. The gray and white matter volumes of patients with ALS were contrasted with controls using a two-sample t test to identify the anatomical distribution of significant atrophic regions. Group comparisons were performed in SPM12 using a two-sample t test. Age, sex, total intracranial volume, disease duration and K-ALSFRS-R were corrected as confounding variables in an analysis of covariance (ANCOVA). Specifically, the contrasts were performed in the different categories of ALS. A statistical threshold of P < 0.001 uncorrected, a family-wise error (FWE) of P < 0.05, and a cluster consisting of >100 adjacent, significantly corrected voxels were accepted.
Results
Clinical findings
The mean age of ALS patients was 49.8 years (SD 7.6), and 63.8% (n = 30) were men (Table 1) . Six patients (12.8%) had bulbar onset of ALS, whilst the others had limb onset of ALS. Disease duration from symptom onset to assessment was 17.2 months (SD 11.2), and the K-ALSFRS-R score was 40.5 (SD 4.7). Age, education, K-MMSE and K-ALSFRS-R scores differed amongst the three groups; however, sex, CDR, region of onset, disease duration, respiratory function using forced vital capacity (%) and progression rate did not differ between the three groups.
Neuropsychological findings
The comprehensive neuropsychological results of the three groups were compared based on their cognitive profiles ( Table 2 ). The frontotemporal domains in the ALSci group were impaired compared with the ALSpure group. The executive domain, including the backward digit span, category verbal fluency, phonemic verbal fluency and Stroop tests, in addition to the attention domain, were significantly impaired in the ALSci group. The attention domain, examined by the forward digit span and calculation tasks, scored similarly amongst the ALS-pure, ALSci and ALSbi groups. In language function using the K-BNT, the ALSci group was significantly impaired compared to the ALS-pure group but not the ALSbi group. With memory function, the delayed recall and recognition scores of the SVLT in the ALSci group were impaired compared with the ALS-pure group.
Relative decrease in the cortical and subcortical regions of each ALS subgroup This analysis was completed to identify regions of gray and white matter atrophy in each ALS subgroup compared to controls. Only the ALSci group showed scattered patterns of atrophic changes in the left cerebellum and fusiform gyrus after gray matter analysis (Fig. 1a, Table S1 ). Analysis of white matter showed atrophied regions in the optic radiations and corticospinal tracts (Fig. 1b, c, Table S1 ). All results were significant at P < 0.001 and uncorrected with an extended threshold of 100 voxels. There were no survival voxels under the FWE corrected to P < 0.05. There were no significant voxels in the ALS-pure and ALSbi groups compared to controls.
Relative decrease in the cortical and subcortical regions of ALS correlating to cognitive and behavioral impairments
Compared to the ALS-pure group, the ALSci group presented with degenerative changes in the bilateral cerebellum and right putamen in gray matter areas (uncorrected P < 0.001, extended threshold to 100 voxels; Fig. 1d, Table S1 ). A decreased volume of white matter was observed in the bilateral superior longitudinal fasciculi (Fig. 1e, f, Table S1 ). There were no survival voxels when the more atrophic areas in the ALSbi group were evaluated compared to the ALS-pure group.
Discussion
In this study, the different atrophic patterns of neuropsychological features before onset of overt dementia in ALS were analyzed, excluding (i) ALS patients with overt dementia [24] and (ii) ALS patients with known genetic mutations linked to cognitive impairment (SOD1, C9ORF72, FUS, TARDBP, ANG and OPTN) [12, 25] .
First, it was shown that ALS patients with cognitive impairment have specific areas of atrophy in the gray and white matter of the extra-motor regions as well as the left cerebellum, fusiform gyrus, optic radiations and corticospinal tracts compared to healthy controls. Secondly, the ALS-pure and ALSbi groups did not show any significant brain atrophy compared with healthy controls. The ALSbi patients did not present any significant survival voxels compared with the ALS-pure and ALSci patients. Thirdly, the ALSci patients showed specific atrophic changes in the brain regions associated with cognition and behavior such as the cerebellum, putamen and superior longitudinal fasciculus compared to the ALS-pure patients.
Our findings differ from those of previous studies. (i) By VBM, no structural differences in the ALS-pure patients without any cognitive or behavioral dysfunction could be found compared to healthy controls. Although different results have been found by varying analysis methods and categorization of participant groups [26] , gray matter atrophy in ALS has been previously reported mainly in the motor areas [27] and the frontal and temporal lobes compared to other motor areas [28] . White matter analysis on diffusion tensor imaging showed hypointense signals primarily in the corpus callosum and corticospinal tracts [29, 30] . These results suggest that subjects in the previous studies had both neuropsychological and corresponding imaging abnormalities. The other possible explanation is that ALS-pure patients without any neuropsychological features presented initially with lower motor system symptoms that progress more than ALS patients with cognitive impairment. In contrast, the ALSci patients presented with both upper and lower motor neuron symptoms and pathology. The ALSbi patients showed no significant voxels compared to healthy controls, ALS-pure patients and ALSci patients. (ii) Our results have shown that the ALSci patients had more atrophied regions in the left cerebellum, fusiform gyrus, optic radiations and corticospinal tracts than the healthy controls and in the bilateral cerebellum, right putamen and bilateral superior longitudinal fasciculi than the ALS-pure group. Cerebellar atrophy in ALS has been reported previously in ALS-FTD patients, mainly associated with motor and psychological symptoms [31, 32] . Additionally, ubiquitin-positive inclusions were found in the granular layer of the cerebellum [33] . In our study, the major atrophied brain regions in ALSci patients were the cerebellum, putamen, fusiform gyrus and bilateral superior longitudinal fasciculi. The cerebellum, putamen and superior longitudinal fasciculus have roles in both cognitive and neuropsychiatric dysfunction in ALS [32] . The putamen is known to have a role in verbal fluency, working memory and speech production [34] . The white matter pathways of the brain mediate the long-range transmission of information across distributed brain networks and support the synchronization and integration of operations carried out by individual brain areas [35] . The most prominent tracts bridging the frontal, temporal and parietal regions are the superior longitudinal fasciculus, inferior longitudinal fasciculus, occipito-frontal fasciculus and the uncinate fasciculus, which have important roles in attention, working memory and response selection [35, 36] . Therefore, based upon these results, the neuropsychological features of ALS could be due to faulty brain pathways.
Whether there was any correlation between the MRI parameters and the results of the neuropsychological tests was determined using single regression analysis between the MRI parameters. However, no positive result was obtained in the ALSci and ALSbi groups. This might be because neuropsychological values of ALSci and ALSbi groups were below the sixteenth percentile compared to age-matched controls; however, minimal cognitive changes were observed although these do not clearly affect the relevant brain structure in this state.
Previous brain structural analysis studies in ALS have not shown consistent findings [37] . The differences may be due to diverse factors including covariates [38] , matching, severity sampling, sample size [39] , normalization template [40] , threshold masking [41] , imaging protocol [42] , statistical modeling [43] and design of participant selection [44, 45] .
The contemporary concept of ALS is that it is a neurodegenerative disorder with frontotemporal dysfunction that can include FTD, behavioral or cognitive impairments, deficits in social cognition or Figure 1 Regional atrophic patterns in the gray and white matter in each ALS subtype. The ALSci group showed scattered patterns of atrophic change in the left cerebellum and fusiform gyrus in the cortex (a) and in the optic radiation and corticospinal tracts in the subcortical areas (b, c) (displayed at P < 0.001, uncorrected, extended threshold 100 voxels). ALSci patient imaging showed decreased volumes in the bilateral cerebellum and right putamen in the gray matter (d) and the bilateral superior longitudinal fasciculi of the white matter (e, f) (displayed at P < 0.001, uncorrected, extended threshold 100 voxels). The color bar represents the T score. ALS, amyotrophic lateral sclerosis; HC, healthy controls; ALSci, ALS with cognitive impairment. [Colour figure can be viewed at wileyonlinelibrary.com].
language impairment [46] . A recent report using fluorodeoxyglucose positron emission tomography demonstrated frontal lobe metabolic impairment in a large cohort of patients ranging from patients with pure ALS to patients with intermediate cognitive deficits or ALS-FTD [47] . Patients with intermediate cognitive impairment display a characteristic metabolic pattern [47] .
In this study, it was found that the ALSci subtype showed widespread volume reduction in comparison with all other groups. Previously, it had been found that the ALSci group including ALS-FTD patients had shorter survival times than the ALS-pure and ALSbi groups [8] . Our results support the possibility that ALS is a widespread multisystem degenerative disease that involves the extra-motor system as well as the motor system.
It was found that the ALSci patients had brain atrophy mainly in the symptom-specific regions. These results suggest that more atrophied connective regions of the brain may be responsible for the rapid progression and survival duration in the ALSci group. These findings also support the hypothesis that ALS pathogenesis has a dual focality of disease onset (cortex and anterior horn) with contiguous spread outwards [48] . It is very difficult to assess the neuropsychological features in ALS patients due to motor weakness, rapid progression and short survival time.
Sporadic ALS has to be classified according to the involvement of neocortical structures in cognition or behavior. Each involved region presented with different clinical symptoms and prognosis.
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